Background--We examined the longitudinal associations between changes in cardiovascular biomarkers and cancer therapyrelated cardiac dysfunction (CTRCD) in patients with breast cancer treated with cardotoxic cancer therapy.
B reast cancer is the most common cancer in women.
Although marked improvements in the detection and treatment of breast cancer have led to substantial gains in disease-specific survival, cardiovascular morbidity and mortality associated with commonly used cardiotoxic cancer therapies remain a significant concern. Declines in cardiac function with agents such as anthracyclines and trastuzumab can result in treatment interruptions and delays in the short term. In the long term, the risk of cardiovascular mortality may exceed that of recurrent cancer, particularly in older women. 1 Within cardio-oncology, there has been a focus on the early detection of cancer therapy-related cardiac dysfunction (CTRCD) to avoid treatment delays and interruptions and decrease long-term cardiovascular risk. 2, 3 Current guidelines recommend routine cardiac surveillance in patients with breast cancer treated with anthracyclines and/or trastuzumab. [4] [5] [6] Because of widespread availability, echocardiographic assessment of left ventricular ejection fraction (LVEF) is a recommended monitoring strategy. However, LVEF assessment is limited in the sensitive detection of early, subclinical changes in cardiac function.
Cardiac biomarkers are promising tools for the early detection and prediction of CTRCD. [7] [8] [9] Some prior studies have suggested that elevations in cardiac troponins (cTns) are common in patients treated with anthracyclines, with or without trastuzumab, and that elevations predict the development of cardiac dysfunction. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Our own published data have supported an association between troponin concentrations at the completion of anthracyclines and CTRCD but no association with serial troponin assessment at postanthracycline time points. 16, 17 However, the reproducibility of these findings and a clear characterization of the utility of troponin assessment for the prediction of CTRCD are lacking. In addition, unanswered questions pertaining to the potential predictive value of natriuretic peptides and several newer biomarkers including myeloperoxidase, placental growth factor (PIGF), and growth differentiation factor 15 (GDF-15) also exist. [16] [17] [18] [19] [20] [21] To better characterize the role of biomarkers in patients with breast cancer who receive potentially cardiotoxic therapies, we comprehensively examined the longitudinal associations between changes in multiple cardiovascular biomarkers, including high-sensitivity cTn T (hs-cTnT), NT-proBNP (N-terminal pro-B-type natriuretic peptide), myeloperoxidase, PIGF, and GDF-15, and changes in LVEF and the risk of CTRCD in 323 patients with breast cancer treated with anthracyclines and/or trastuzumab, and determined differences according to cancer therapy regimen. The specific study objectives were to: (1) characterize the changes in multiple cardiovascular biomarkers in patients with breast cancer treated with anthracyclines and/or trastuzumab; (2) evaluate the longitudinal associations between changes in individual biomarkers and LVEF changes; (3) evaluate the associations between changes in biomarkers and the risk of CTRCD; (4) explore whether these associations differ according to cancer therapy regimen; and (5) describe the potential predictive value of these biomarkers.
Methods

Study Population
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The CCT (Cardiotoxicity of Cancer Therapy) study is a prospective cohort of patients with breast cancer from the Rena Rowan Breast Center of the Abramson Cancer Center at the University of Pennsylvania (Philadelphia, Pennsylvania). Patients aged 18 years and older with breast cancer who were treated with anthracycline-and/or trastuzumab-based regimens were included. Exclusion criteria included pregnancy or an inability or unwillingness to provide informed consent. Treatment regimen was determined by the treating oncologist and consisted of either doxorubicin (240 mg/m 2 divided into 4 cycles of 60 mg/m 2 each) and cyclophosphamide followed by paclitaxel (doxorubicin group), doxorubicin (240 mg/m 2 divided into 4 cycles of 60 mg/m 2 each) and cyclophosphamide followed by paclitaxel and trastuzumab (doxoru-bicin+trastuzumab group), or trastuzumab with docetaxel and either cyclophosphamide or carboplatin (trastuzumab group). The study was approved by the institutional review board of the University of Pennsylvania. All participants provided written informed consent. B.D. and B.K. had full access to
Clinical Perspective
What Is New?
• This is the largest prospective cohort study of patients with breast cancer treated with anthracyclines and/or trastuzumab with detailed cardiovascular phenotyping, including biomarkers, echocardiography, and clinical data, over an extended follow-up. • High-sensitivity cardiac troponin T elevation is common following anthracycline therapy, and its assessment specifically at the completion of anthracyclines may be informative in cancer therapy-related cardiac dysfunction risk prediction. • Changes in N-terminal pro-B-type natriuretic peptide show temporal associations with changes in imaging measures of cardiac dysfunction and predict the risk of cancer therapyrelated cardiac dysfunction, particularly in patients treated with sequential anthracycline and trastuzumab therapy, and myeloperoxidase shows promise as a candidate novel biomarker of cardiotoxicity with anthracycline-based cancer therapy regimens.
What Are the Clinical Implications?
• Biomarkers can play an important role in cancer therapyrelated cardiac dysfunction risk prediction in patients with breast cancer who receive cardiotoxic cancer therapy. • The findings of the study motivate randomized controlled trials aimed at investigating whether biomarker-guided strategies are of utility in mitigating cardiovascular risk.
all of the data in the study and take responsibility for their integrity and the data analysis.
Study Procedures
Detailed clinical data were collected using standardized questionnaires at baseline (ie, before treatment initiation) and during prespecified follow-up visits, and were further verified by reviewing medical records. Blood samples were drawn at standardized time intervals according to cancer therapy regimen ( Figure 1 ). 22 In the doxorubicin group, blood samples were collected at baseline, during doxorubicin treatment (%1 month), at the completion of doxorubicin (%2 months), at the completion of paclitaxel (%4 months), and then annually. In the doxoru-bicin+trastuzumab group, blood samples were collected at baseline, during doxorubicin treatment (%1 month), at the completion of doxorubicin (%2 months), every 6 weeks during trastuzumab therapy, and then annually. The median (interquartile range) interval between the completion of doxorubicin and initiation of trastuzumab therapy was 14 (14) (15) days. In the trastuzumab group, blood samples were collected at baseline, every 6 weeks during trastuzumab therapy, and then annually. Blood samples were processed and stored at À80°C until assay. In addition, in the doxorubicin group, transthoracic echocardiograms were performed at baseline, at the completion of paclitaxel (%4 months), and then annually. In the doxoru-bicin+trastuzumab group, echocardiograms were performed at baseline, at the completion of doxorubicin (%2 months), every 3 months during trastuzumab therapy, and then annually. In the trastuzumab group, echocardiograms were performed at baseline, every 3 months during trastuzumab therapy, and then annually. Two-dimensional images were acquired using Vivid 7, E9, or E95 machines (GE Healthcare) and digitally archived for post hoc analyses.
Biomarker Measurements
Four biomarkers including hs-cTnT, NT-proBNP, PIGF, and GDF-15 were assessed in all treatment groups. hs-cTnT was measured using the fourth-generation Elecsys TnT-hs assay on the Cobas platform (Roche Diagnostics). NT-proBNP was measured using the Elecsys NT-proBNP assay on the Cobas platform. PIGF was measured using the Elecsys PIGF immunoassay. GDF-15 was measured with the Elecsys GDF-15 immunoassay. Myeloperoxidase was measured only in the doxorubicin and doxorubicin+trastuzumab groups, given its purported biologic relevance to anthracyclines specifically, using an ELISA assay (Cleveland HeartLab Inc). Detailed assay information is provided in Data S1.
Echocardiography Quantitation and CTRCD Definition
Quantitative echocardiography was performed by a single blinded observer at the University of Pennsylvania Center for Quantitative Echocardiography (Philadelphia, PA) using the TomTec Imaging Systems platform. Left ventricular enddiastolic and end-systolic volumes were calculated using the Simpson's method of discs and were utilized to derive LVEF. In addition, longitudinal and circumferential strain were analyzed. Intraobserver coefficients of variation were 4.9%, 10.9%, and 9.4% for LVEF, longitudinal strain, and circumferential strain, respectively. 23 CTRCD was defined as a ≥10% absolute decline in LVEF to a value <50%. 23, 24 
Statistical Analysis
Baseline characteristics were summarized using proportions for categorical variables, and median (interquartile range) were presented for continuous variables. Given the skewed distributions, all biomarkers were log2 transformed. This also facilitated the comparison of the associations across all biomarkers. On the log2 scale, each 1-unit increase is equivalent to a doubling in biomarker levels.
To characterize the changes in biomarker levels according to individual treatment groups, mean estimated changes from baseline were plotted over time. Mean changes were determined using repeated-measures linear regression estimated via generalized estimating equations. Each model was adjusted for the baseline values of the biomarker under consideration and time since treatment initiation modeled nonparametrically using a cubic spline.
Contemporaneous associations between changes in biomarkers from baseline and changes in LVEF were determined using repeated-measures linear regression estimated via generalized estimating equations. Here, we used the independence working correlation structure. All models were adjusted for cancer therapy regimen, baseline LVEF, baseline biomarker value, time from treatment initiation (modeled nonparametrically using a cubic spline, whereby its effect was allowed to vary across treatment groups by including an interaction term), age, hypertension, smoking, and body mass index. Associations between changes from baseline in biomarker levels over time and subsequent changes in LVEF and longitudinal and circumferential strain were assessed similarly. Differences in the associations between changes in biomarkers and LVEF across the different treatment groups were evaluated by including biomarker-treatment interaction terms. Wald test was used to test statistical significance.
Associations between baseline biomarker values and time to CTRCD were assessed using Cox proportional hazards models. Longitudinal associations between repeated assessments of changes in biomarkers from baseline and time to CTRCD were determined using partly conditional survival models. 25 This approach provides a flexible, computationally efficient framework for longitudinal risk prediction and is well suited for analyses of relatively small sample sizes. 26 All models were adjusted for cancer therapy regimen, baseline LVEF, baseline biomarker value, age, hypertension, smoking, and body mass index. The proportional hazards assumption was evaluated for both the baseline biomarker and timevarying biomarker change variables by plotting Schoenfeld residuals over time. This assumption was not violated for any of the biomarker variables with the exception of baseline GDF-15 and change in NT-proBNP. Here, there was a notable decrease in the estimated residuals at late follow-up time points (Figures S1 and S2). We therefore conducted the analyses for baseline GDF-15 and change in NT-proBNP with follow-up time limited to 2 years, given the proportional hazards assumption was valid over this shorter follow-up period ( Figure S3 ). To determine the incremental predictive value of biomarker changes to baseline clinical variables, the change in the concordance index was quantified.
To gain further insight into the predictive value of biomarkers, we performed additional analyses. We explored the association between elevated hs-cTnT (ie, >14 ng/L based on the sex-specific 99th percentile cutoff limit for the cTn assay used) at the completion of anthracyclines and subsequent CTRCD risk, given prior studies indicating the importance of troponin assessment at this time point in patients treated with anthracycline-based regimens. 14, 16, 18, 19 We then quantified time-dependent sensitivity and specificity, and calculated the positive predictive value (PPV) and negative predictive value (NPV) at this threshold. In an exploratory analysis, we further examined these parameters at an hs-cTnT threshold of 5 ng/L (ie, limit of detection of the assay) as we postulated that this threshold could identify a subgroup with a low risk of CTRCD at the completion of anthracyclines. Furthermore, we explored test characteristics and the associated PPV and NPV at NT-proBNP thresholds of 125 ng/L, 150 ng/L, and 300 ng/L, based on previously published studies. [27] [28] [29] Two-sided a levels <0.05 were considered statistically significant. All analyses were performed using R 3.4.0 (R Foundation for Statistical Computing).
Results
Study Population
In total, 323 patients had at least 1 biomarker measurement at baseline and 1 follow-up visit. The number of available measurements per biomarker is provided in Table S1 . Baseline characteristics and biomarker values are summarized in Table 1 . At baseline, the trastuzumab group tended to have higher median NT-proBNP levels, in particular, and patients in this group tended to be older, with higher systolic blood pressure, and a greater prevalence of hypertension compared with the other treatment groups. Figure S4 . In the doxorubicin and doxorubicin+trastuzumab groups, hs-cTnT increased by %4-fold in the first 6 months and then declined to baseline levels. hs-cTnT levels remained low throughout follow-up in the trastuzumab group. On average, NT-proBNP demonstrated an early, modest elevation in the doxorubicin group but no substantial change with doxorubicin+trastuzumab. In the trastuzumab group, NT-proBNP significantly declined in the first 6 months; possibly in part related to the higher baseline levels in this treatment group.
For PIGF, early increases were observed in the doxorubicin, doxorubicin+trastuzumab, and to a lesser extent, in the trastuzumab groups, with a return to baseline levels over time. Early increases were followed by a decline to baseline in all treatment groups for GDF-15. Early increases were also observed for myeloperoxidase in the doxorubicin and doxoru-bicin+trastuzumab groups.
Associations Between Baseline and Changes in Biomarkers With LVEF Changes
This analysis was performed in 254 patients with quantitated echocardiograms at baseline and at least 1 follow-up visit. Baseline characteristics and biomarker values are summarized according to treatment group in this subset of patients in Table S2 .
First, we determined the association between baseline biomarker levels and changes in LVEF. No significant associations were observed (Table S3 ). Next, we evaluated the contemporaneous associations between changes in biomarkers and changes in LVEF (ie, changes in biomarker levels and changes in LVEF over the same time interval). Changes in hs-cTnT and NT-proBNP from baseline had modest associations with LVEF changes at the same visit; LVEF declined by %0.6% per doubling of each of these biomarkers (P<0.05). No statistically significant associations were seen for the other biomarkers (Table 2) .
Next, to gain insight into the ability of biomarkers to predict subsequent LVEF changes, we examined the association between preceding changes in biomarkers and LVEF changes at the subsequent visit. On average, there was a 0.7% (95% CI, À1.2 to À0.2) decline in LVEF at each subsequent visit per doubling of NT-proBNP (P=0.004), whereby the median time between biomarker and LVEF assessments was 2.1 months. No statistically significant associations were observed with the other biomarkers ( Table 2 ). Associations between biomarker changes and circumferential strain were consistent with the LVEF findings; however, there were no significant associations between biomarker changes and longitudinal strain with the exception of myeloperoxidase (Table S4) .
We also explored the associations between biomarker and LVEF changes according to treatment regimen, at both the contemporaneous and subsequent visits. There was a significant interaction between NT-proBNP and treatment regimen on the associations between biomarker and LVEF changes at the same (P=0.030) and subsequent visits (P=0.017). The most pronounced effect was observed in the doxoru-bicin+trastuzumab group; on average, LVEF declined by 1.1% to 1.3% per doubling of NT-proBNP from baseline for these associations (Figure 3 and Table S5 ).
Associations Between Baseline and Changes in Biomarker and CTRCD
Among the 254 patients with quantitated echocardiograms at baseline and during at least 1 follow-up visit, CTRCD occurred in 22 (14.2%), 9 (17.0%), and 18 (39.1%) patients in the doxorubicin, trastuzumab, and doxorubicin+trastuzumab groups, respectively, over a maximum period of 3.7 years of follow-up, consistent with previously published rates. 2, 30, 31 The majority had New York Heart Association class I heart failure (75.5%), while 24.5% developed New York Heart Association class II/III heart failure. The median (interquartile range) time to the development of CTRCD was 12 (5-22), 8 (5-9), and 8 (5-11) months from initiation of therapy in the doxorubicin, trastuzumab, and doxorubicin+trastuzumab groups, respectively.
First, we determined the associations between baseline biomarkers and CTRCD risk. A significant association was observed for myeloperoxidase. The hazard of CTRCD increased by 30% (hazard ratio, 1.30; 95% CI, 1.01-1.68) (Table 3) . We next evaluated the associations between changes in biomarker levels from baseline and CTRCD risk in the overall cohort. We observed a significant association between changes in NT-proBNP and CTRCD. Each doubling in NT-proBNP from baseline was associated with a 56% increased risk (hazard ratio, 1.56; 95% CI, 1.32-1.84, P<0.001) over a maximum follow-up of 2 years ( Table 3 ). Because of the limited number of CTRCD events within the different treatment groups, particularly in patients treated with trastuzumab alone, cancer therapy regimen-based stratified analysis was not performed. However, we specifically evaluated the association between changes in myeloperoxidase and CTRCD in the doxorubicin+trastuzumab group to validate previous findings from our group that demonstrated predictive value of myeloperoxidase with this cancer therapy regimen. 16, 17 Here, increases in myeloperoxidase were associated with increased CTRCD risk (hazard ratio per doubling 1.28; 95% CI, 1.04-1.57, P=0.019).
We then explored the incremental predictive value of biomarker changes to a baseline clinical model comprising cancer therapy regimen, LVEF, age, hypertension, body mass index, and smoking (Table S6 ). The addition of NT-proBNP change to this model improved the concordance index from 0.694 to 0.724. The incremental value of the other biomarkers was limited. Biomarker levels were log2 transformed. Beta estimates represent the absolute change in the left ventricular ejection fraction (LVEF) for each doubling of biomarker levels from baseline to the same (contemporaneous) visit or the subsequent change in LVEF for each doubling in biomarker levels from baseline to the prior visit. Associations were adjusted for baseline variables including cancer therapy regimen, baseline LVEF, baseline biomarker levels, age, hypertension, smoking, body mass index, and time since treatment initiation (modeled nonparametrically using a cubic spline, its effect allowed to vary across treatment groups by including an interaction term). GDF-15 indicates growth differentiation factor 15; hs-cTnT, high-sensitivity cardiac troponin T; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PIGF, placental growth factor. 
Predictive Utility of hs-cTnT and NT-proBNP at the Completion of Anthracycline Therapy
Based on a priori hypothesis, we investigated the predictive value of hs-cTnT elevation at the time of completion of anthracycline chemotherapy among patients in the doxorubicin or doxorubicin+trastuzumab groups. Among 170 patients with available hs-cTnT at this time point, 71 (41.8%) had elevated hs-cTnT (ie, >14 ng/L). In multivariable analysis, elevated hs-cTnT at this time point was associated with a doubling of CTRCD risk (hazard ratio, 2.01; 95% CI, 1.00-4.06, P=0.052), consistent with previously published findings from our group and others. 13, 16, 18, 19 At this threshold, hs-cTnT had a sensitivity and specificity of 60.3% and 62.5% for the prediction of CTRCD within 1 year after completion of anthracycline therapy; accompanying PPV and NPV were 26.5% and 87.5%, respectively (Table 4 ). Interestingly, an hs-cTnT level <5 ng/L at the completion of anthracycline therapy had 100% sensitivity and NPV for CTRCD at 1 year. However, <10% of the patients had hs-cTnT levels <5 ng/L at this time point (Table S7 ).
In terms of NT-proBNP elevations, 56 (33.1%) had levels >125 ng/L at completion of anthracyclines (Table S7 ). Elevations above this threshold at this time point had a sensitivity of 42.3% and NPV of 84.3% (Table 4 ). NT-proBNP concentrations at thresholds of 150 and 300 ng/L had higher specificity (ie, >85%) and PPV, but worse sensitivity and NPV ( Table 4 ). The estimates of the PPV were 36.4% and 46.4% at 150 ng/L and 300 ng/L, respectively.
Discussion
To our knowledge, this is the largest prospective cohort study of patients with breast cancer treated with anthracyclines and/or trastuzumab with detailed cardiovascular phenotyping, including biomarkers, echocardiography, and clinical data, over an extended follow-up period of 3.7 years. This study comprehensively evaluated the potential predictive utility of both traditional and novel cardiovascular biomarkers at multiple time points during standard breast cancer systemic therapy. We demonstrate 4 key findings that advance our understanding of the role of biomarkers in cardio-oncology: (1) hs-cTnT elevations are common after anthracycline therapy; (2) elevated hs-cTnT specifically at the time of completion of anthracycline therapy may be predictive of subsequent CTRCD risk; (3) changes in NT-proBNP are significantly associated with changes in LVEF and CTRCD risk, and these associations are most pronounced in patients who receive sequential anthracycline and trastuzumab therapy; and (4) higher baseline levels of myeloperoxidase are associated with an increased risk of CTRCD, and changes in myeloperoxidase may have potential utility in predicting the Biomarker levels were log2 transformed. Hazard ratios (HRs) are for each doubling of biomarker level. Associations were adjusted for baseline biomarker levels and baseline variables including cancer therapy regimen, left ventricular ejection fraction (LVEF), age, hypertension, smoking, and body mass index. Associations between baseline biomarker levels and cancer therapy-related cardiac dysfunction (CTRCD) were modeled using Cox proportional hazards models, and associations between repeated assessments of change in biomarkers from baseline and CTRCD was modeled using partly conditional Cox models. hs-cTnT indicates high-sensitivity cardiac troponin T; PIGF, placental growth factor. *For baseline growth differentiation factor 15 (GDF-15) and change in NT-proBNP (N-terminal pro-B-type natriuretic peptide) from baseline, the analyses were limited to the first 2 years of follow-up to address the violation of the proportional hazards assumption at late follow-up times (Figures S1 through S3). risk of CTRCD, particularly in patients treated with sequential anthracycline and trastuzumab therapy. cTns are the most widely studied biomarkers in cardiooncology. In early published work, cTnI elevation was reported in up to a third of patients treated with high-dose chemotherapy, and the pattern of release predicted the risk for cardiac events. 10, 11 Recent studies utilizing high-sensitivity assays indicate that cTn elevation is even more common in patients treated with anthracycline-based regimens. However, the association between serial changes in cTn concentrations and the development of CTRCD have been less consistent. [10] [11] [12] [13] [14] [15] [16] [17] 32 Our findings indicate that levels of hs-cTnT, on average, increase by nearly 4-fold early after the initiation of therapy, thereby suggesting that anthracyclines inflict cardiac injury broadly. However, changes in hs-cTnT levels were only modestly associated with changes in LVEF and circumferential strain. In addition, neither baseline values nor repeated assessment of changes in hs-cTnT were consistently associated with the development of CTRCD. Therefore, overall, our findings do not support the routine serial evaluation of hs-cTnT in patients with breast cancer treated with anthracyclines with or without trastuzumab for the prediction of systolic dysfunction. However, our data do suggest 2 important potential applications for hs-cTnT in this population, specifically at the time point of anthracycline completion. Here, hs-cTnT levels >14 ng/L were associated with a >2-fold increased risk of CTRCD, and this threshold had a PPV of 26.5% for the prediction of CTRCD at 1 year following the completion of therapy (which is 8% greater than the incidence of CTRCD within the subgroup of patients who received anthracyclines). This suggests that hs-cTnT elevation at the time of completion of anthracycline therapy might be considered as a possible enrichment strategy for defining a high-risk patient subpopulation. Another important observation was that none of the patients with hs-cTnT levels <5 ng/L after the completion of anthracycline therapy developed CTRCD over the subsequent year of follow-up (ie, 100% NPV). Although further validation is needed, this finding would suggest that hs-cTnT levels below the assay limit of detection at this time point might be considered as a possible strategy for identifying a low-risk subpopulation of patients. It is worth noting that our results do not exclude a role for hs-cTnT as a surrogate measure of subclinical injury with anthracyclinebased regimens in the clinical trial setting. [32] [33] [34] [35] [36] [37] Finally, our study further clarifies the role of hs-cTnT testing in patients treated with trastuzumab only. Our findings provide definitive evidence that, on average, hs-cTnT elevations are uncommon with trastuzumab therapy alone. 38 Natriuretic peptides are also widely studied in patients treated with cardiotoxic cancer therapy. However, the predictive value of these biomarkers has not been consistent. [16] [17] [18] [19] [20] [21] Prior studies mainly focused on the changes in natriuretic peptides during a relatively short follow-up time, mostly restricted to the time period during cancer therapy. Our study systematically examined the temporal associations between repeated assessments of changes in NT-proBNP and changes in imaging measures of cardiac function and CTRCD over an extended follow-up period. We observed consistent associations between increases in NT-proBNP and LVEF declines, which were particularly notable in the sequential anthracycline and trastuzumab group. Preceding increases in NT-proBNP were also associated with subsequent LVEF decline and worsening in circumferential strain, suggestive of a temporal association with these 2 measures of cardiac function. Importantly, the addition of NT-proBNP provided incremental value to baseline clinical risk factors for the prediction of CTRCD. Based on these results, we propose that routine serial assessment of NT-proBNP has the greatest potential utility in the cardiac surveillance of patients with breast cancer, particularly in those treated with sequential anthracycline and trastuzumab therapy. In exploratory analysis, we also observed that NT-proBNP concentrations at thresholds of 150 ng/L or 300 ng/L can identify subpopulations with increased subsequent CTRCD risk with high specificity and PPV that is 2to 3-fold the incidence of CTRCD specifically in patients treated with the anthracycline-based cancer therapy regimen. Future studies are needed to validate these thresholds and further define their clinical utility in the setting of cardiooncology. 39 Among the newer biomarkers, myeloperoxidase has demonstrated promise as a biomarker of cardiac dysfunction in anthracycline-based treatment groups. As oxidative stress is a central mechanism in anthracycline-induced cardiotoxicity, myeloperoxidase is a mechanistically plausible marker of cardiotoxicity in patients treated with anthracyclines. 22, 40, 41 Prior small studies from our group showed that increased levels of myeloperoxidase during the course of therapy are associated with increased risk of cardiotoxicity with sequential anthracycline and trastuzumab therapy. 16, 17 In line with these findings, our study showed that increases in myeloperoxidase, as well as baseline values, are associated with an increased risk of CTRCD with this cancer therapy regimen. These results would indicate that myeloperoxidase may be a candidate biomarker for the prediction of cardiotoxicity, particularly in patients treated with sequential anthracycline and trastuzumab therapy. However, further validation in larger studies is needed before it can be considered for clinical use as a marker of cardiotoxicity.
Modest early elevations in PIGF and GDF-15 were also observed with both anthracycline-based regimens and trastuzumab alone, suggesting that these agents might result in other pathophysiologic changes related to inflammation and angiogenesis. However, neither PIGF nor GDF-15 showed significant associations with changes in LVEF and strain or CTRCD. Our findings do not support the role of PIGF and GDF-15 as predictive biomarkers of anthracycline and/or trastuzumab cardiotoxicity. This may appear to be in contrast with our previously published results; 17 however, we note that in the prior study, we studied the temporal changes in 8 biomarkers measured at 3-month intervals during doxorubicin and trastuzumab therapy, for a maximum follow-up time of 15 months. We sought to define both the concurrent and associations with subsequent cardiotoxicity and evaluated biomarkers over the entire course of follow-up and allowed for recurrent events (in contrast to the first event). Moreover, in prior studies, cardiotoxicity was defined by the Cardiac Review and Evaluation Committee criteria. 42 Thus, our exposures and outcomes were both defined and analyzed differently.
Study Strengths
Our study expands on prior work in this field and provides important findings that further clarify the role of biomarkers in the prediction of cardiac dysfunction in patients with breast cancer exposed to cardiotoxic cancer therapy. The current study has several strengths, particularly related to study design and methodology, which make it unique from previous studies. First, the prospective, longitudinal cohort study design coupled with the relatively large sample size and longer follow-up duration extending well beyond the time of completion of cancer therapy is an important strength as compared with previous studies. Moreover, biomarkers were evaluated at multiple prespecified time points, including both during and after completion of cancer therapy. Previous studies have mainly focused on changes in biomarker levels during the course of cancer therapy. Third, our study was composed of a nonclinical trial population, which enhances the generalizability of our findings. Fourth, the current study is the first to systematically characterize differences in the pattern of biomarker changes and their associations with changes in measures of cardiac dysfunction across different cancer therapy regimens. Fifth, the utilization of more robust statistical tools for the analysis of longitudinal data including generalized estimating equations and partly conditional survival models is another novel aspect of the study.
Our results motivate additional research. An important next step should be establishing validated biomarker thresholds that can be used as benchmarks to facilitate the detection of cardiotoxicity and prediction of subsequent risk, particularly for hs-cTnT and NT-proBNP. This can enhance the clinical applicability of biomarker information in daily clinical practice. Moreover, dynamic risk prediction models combining clinical data with serial measurements of multiple biomarkers could be developed in larger data sets and externally validated. More importantly, randomized controlled trials are needed to determine whether biomarker-guided cardioprotective treatment strategies are of utility in mitigating cardiovascular risk. Lastly, the value of serial assessment of biomarker changes appears to be primarily in patients treated with sequential anthracycline and trastuzumab therapy. This highlights a significant need for biomarker discovery research to identify novel mechanistic biomarkers of cardiotoxicity with anthracyclines or trastuzumab alone. 22 
Study Limitations
Our study has limitations that warrant consideration. The hs-cTn assay used is relatively less sensitive than some even newer methods. It thus remains possible that our results might differ if other, more highly sensitive methods were used for cTn assessment. As a result of the relatively small size of the treatment groups and number of CTRCD events, we could not reliably evaluate biomarker-treatment regimen interactions for the CTRCD outcome, and these analyses were limited to LVEF change alone as the outcome measure. We also did not adjust for multiple comparisons. As such, the association models should be interpreted in that context. Another limitation is that myeloperoxidase was not measured in the trastuzumab group. Importantly, our findings may not be generalizable to other cancer populations receiving additional cardiotoxic therapies and with different cardiovascular risk profiles. As it relates to NT-proBNP, we did observe decreases during trastuzumab therapy, particularly in the trastuzumab group. The reasoning behind this is not clear at this stage, although this is unlikely to have impacted any associations with CTRCD. We explored whether this may in part be attributable to confounding by variables such as age and hypertension, as the trastuzumab group tended to be older and more hypertensive with higher baseline NT-proBNP levels. However, adjustment for potential confounders did not significantly alter the pattern of change over time observed for NT-proBNP with this treatment regimen ( Figure S5 ). We cannot exclude the possibility of an assay interaction between trastuzumab and NT-proBNP, but further work is needed to clarify this and should be a topic of future basic studies.
Conclusions
Our study demonstrates that hs-cTnT elevations are common in patients with breast cancer treated with anthracyclinebased cancer therapy regimens, and assessment at the completion of anthracycline therapy may have clinical utility in cardiotoxicity risk prediction. We determined a consistent temporal association between changes in NT-proBNP and cardiotoxicity, which was particularly notable in the sequential anthracycline and trastuzumab group. The study also provides incremental data to support the potential role for myeloperoxidase as a candidate novel biomarker of cardiotoxicity in patients treated with sequential anthracycline and trastuzumab therapy. Altogether, our findings inform clinically relevant strategies to mitigate cardiovascular risk in patients with breast cancer who receive cardiotoxic therapies. 
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